The antigenic relationships between three bovine rotaviruses, UK, CP-1 and PP-1, and a porcine rotavirus were investigated; their pathogenicity for piglets was also assessed. After propagation and cloning in cell culture, the four viruses were used to produce convalescent and hyperimmune antisera in gnotobiotic animals. For the UK and PP-1 viruses, reciprocal virus neutralization tests gave ratios of homologous to heterologous titres in the range 57 to > 2300. Taking a 20-fold difference in titre to be the criterion of heterogeneity, these two viruses could be regarded as separate serotypes. The third bovine virus, CP-1, was identical to PP-1 in reciprocal neutralization tests but gave a one-way cross-reaction with UK convalescent sera, i.e. it appeared to be intermediate between the two serotypes. UK and CP-1 differed antigenically from the porcine virus as shown by .homologous:heterologous neutralization titre ratios of 30 to 12 600. The bovine virus, PP-1, however, had a closer relationship with the porcine virus, the homologous : heterologous ratios ranging from 4 to 110. Oral inoculation of piglets with the bovine viruses revealed differences in their pathogenicity. Isolates UK and CP-1 caused no clinical disease and could not be passaged. However, on the first and second passages in pigs, the bovine virus PP-1 and the porcine virus produced clinical disease, excretion of virus in the faeces and seroconversion. The results suggest that PP-1 may be a natural hybrid between a bovine and a porcine rotavirus.
INTRODUCTION
Variations have been identified both in group-and type-specific antigens of rotaviruses (for reviews, see Woode, 1978 and McNulty, 1978; Kapikian et al., 1981 ; Pedley et al., 1983) . For example, rotaviruses which share a common group antigen from different animal species can be distinguished by neutralization tests (Thouless et al., 1977; Estes & Graham, 1980; Sato et al., 1982) , suggesting some degree of species specificity. However, inter-species transmissions (for review, see McNulty, 1978) , cross-protection between rotaviruses or by antibody-containing fluids from different species (Wyatt et aL, 1979; Bartz et al., 1980; Bridget & Brown, 1981) and antigenic cross-relationships between some rotaviruses from different animal species (Bastardo et al., 1981 ; Gaul et al., 1982; Hoshino et al., 1982 Hoshino et al., , 1983 indicate that rotaviruses may not all be species-specific.
High levels of neutralizing and protective antibody to porcine rotavirus were detected in bovine colostrum (Bridger & Brown, 1981) and this, together with the observation that bovine rotaviruses may be pathogenic for piglets Tzipori et al., 1980) , indicated the need to examine the relationships between rotaviruses from cattle and pigs. Preliminary observations with three bovine viruses suggested they were antigenically heterogeneous and their relationships to each other were examined first followed by their antigenic relationships to a porcine rotavirus. The pathogenicity for piglets of the four viruses was then studied. The terms 'bovine' and 'porcine' are used throughout to denote the source of virus and do not imply species specificity.
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METHODS
Viruses.
Three bovine and one porcine rotavirus were studied. The bovine viruses were isolated from a single outbreak of diarrhoea in the Institute's cattle herd and the porcine virus was obtained from a pig herd with a history of diarrhoea, over 50 miles from the Institute (SW20/21, Woode et aL, 1976) . Faeces from the outbreak in cattle was passaged serially in several gnotobiotic calves and the three bovine viruses were isolated in cell culture at different times, with or without the use of trypsin, from animals at different passage levels. The original faeces appeared to contain more than one rotavirus electropherotype. The bovine virus strains were UK, a cultureadapted strain (Bridget & Woode, 1975) , sometimes referred to as the UK-Compton strain; PP-1, derived from bovine faecal material which, on first passage, was pathogenic for pigs ; and CP-1, a virus derived from material which was used to produce diarrhoea in experimental calves (Woode et al., 1974) . Cryptograms for these viruses are A/Bovine/England/UK/75, A/Bovine/England/PP-1/76, A/Bovine/England/CP-l/74 and A/Porcine/England/SW20/21/76; the term 'A' represents the rotavirus group as proposed by Pedley et al. (1983) .
Virus multiplication. The bovine viruses, CP-1 and PP-1, and the porcine virus were grown and cloned in tube cultures of rolled MA104 cells (rhesus monkey kidney cells; Microbiological Associates, Walkersville, Md., U.S.A.) maintained with Eagle's MEM containing 0.1 ~ sodium bicarbonate, antibiotics and 0.5/ag/ml trypsin (Sigma, Type IX). After three to seven serial passages, 0-22 gm filtrates of known infectivity (determined by immunofluorescence) were cloned by three or four rounds of terminal dilutions with ten tubes per dilution and two intermediate (l :3 and 1:6) dilution steps between tenfold dilutions; cytopathic endpoints were read every other day until no further c.p.e, developed. The bovine virus, UK, was grown in primary or secondary calf kidney cells, maintained with or without trypsin, and was cloned by plaque purification (Bridger & Woode, 1975) . For use in hyperimmunization, the three bovine viruses were grown in stationary primary calf kidney cultures; the porcine virus was grown in MA104 cells.
Antisera. Antisera were raised by oral plus parental inoculation of gnotobiotic calves (the bovine viruses) or pigs (the porcine virus), produced and maintained as described previously (Dennis et al., 1976; Hoare et al., 1976) . Before infection, animals were free of serum antibody to rotavirus. Gnotobiotic animals, aged 4 to 15 days, were inoculated orally with 10 ~'° to 108.o TCID80 and early convalescent sera (A) taken 18 to 21 days (bovine viruses) and 14 days (porcine virus) after infection. At this time, a second oral dose was given, and 14 to 28 days later convalescent sera (B) were collected. The animals were then hyperimmunized by intramuscular injection of l0 s'° to 107"s TCIDs0 of partially purified virus combined with Freund's incomplete adjuvant. Six to 7 weeks later, animals were bled to give the hyperimmune (C) sera.
Injection ofpigs. Known doses of culture-adapted rotavirus passaged 9 to 12 (CP-1, PP-I and the porcine virus) or more than 30 times (UK virus), were inoculated orally into pigs aged 1 to 12 days (see Table 3 ); body weights and appetite were noted daily and faecal samples collected. Convalescent antisera were collected 3 weeks after infection. A second passage in pigs was carried out for each virus using 0.45 gm faecal filtrates.
Virus inJectivity assays. Assays, based on serial 10-fold dilutions, were conducted in MA104 cells maintained with Eagle's MEM without trypsin and read by immunofluorescence as described previously (Bridger & Brown, 1981) . Titres were expressed as log~o TCIDs0 per g or ml.
Virus neutralization test. A fluorescent focus reduction test was used with MA104 cells to determine 50~ endpoints (Bridget & Brown, 1981 ). Sera to be tested were diluted so that a maximum of 12 serial doubling dilutions was not exceeded and titres were based on results obtained on two to five separate occasions. The titre, with 95~ confidence limits, of a standard serum with UK virus tested on 25 occasions, was t.2 x 103 _+ one doubling dilution.
lmmunofluorescent activity ~?[sera. Rotavirus-infected MA 104 cells were stained with dilutions of the antisera to be tested followed by fluorescein-conjugated rabbit anti-species immunoglobulin (Nordic Laboratories Ltd., Maidenhead, U.K.).
RESULTS
Homologous reactions of antisera
10 ~'-' to 107. 8 TCIDso of virus per g of faeces was excreted for 2 to 6 days in animals inoculated to produce the early convalescent (A) sera. Neutralizing titres in the A sera ranged from 800 to 16 000 (Table 1) . Neutralization titres of the late convalescent (B) antisera had increased by oneto eightfold (mean, fourfold) although no virus was detected in the faeces of any of the animals by infectivity assays. The titres in hyperimmune sera (C) had increased by a further 7-to 65-fold (mean, 27-fold), the final homologous titres ranging from 92000 to 405000. 
Reciprocal neutralization titres with convalescent and hyperimmune antisera to three bovine rotaviruses, UK, CP-1 and PP-1, and one porcine rotavirus
Antigenic relationships between the bovine rotaviruses
Cross-neutralization tests with convalescent and hyperimmune sera to the three bovine viruses demonstrated heterogeneity between them. Comparison of the two viruses, UK and PP-1, in reciprocal cross-neutralization tests with the A, B and C sera gave ratios of homologous :heterologous titres which ranged from 57 to >2300 (Table 2) . Thus, if 20-fold differences are required to define serotypes (Kapikian et al., 1967; Wyatt et al., 1982) , the UK and PP-1 viruses fall into two distinct serotypes.
Comparison of the two viruses CP-1 and PP-1 by reciprocal cross-neutralization with the A, B and C sera indicated that these viruses were antigenically identical, suggesting that CP-1 belongs to the PP-1 serotype. However, tests with UK antisera and CP-1 and PP-1 showed that CP-1 and PP-1 were not identical; CP-1 showed a closer relationship to the UK virus than to PP-1 with each of the three UK sera, i.e. it had lower homologous : heterologous ratios. With the UK convalescent sera (A and B), the ratios with CP-1 were less than 20 but, with the UK hyperimmune serum, the ratio was 44. Further comparisons between UK and CP-1 with all three CP-1 sera identified additional differences between UK and CP-1 : the ratios were all greater than 20 (31 to 373). Hence, although reciprocal cross-neutralization tests indicated that UK and PP-1 were separate serotypes and that CP-1 and PP-1 were the same serotype, CP-1 was related to the UK virus in a one-way cross which suggested that CP-1 was intermediate between UK and PP-1 in its antigenic make-up.
Antigenic relationships between the three bovine rotaviruses and the porcine rotavirus
The three bovine viruses showed varied relationships with the porcine virus ( Table 2) . Although convalescent and hyperimmune sera (A, B and C) to the porcine rotavirus had homologous :heterologous ratios of more than 20 with each of the bovine viruses, PP-1 had the closest relationship (36 to 103) followed by CP-1 (508 to 1200) and UK (> 1300 to > 9200). Tests with porcine virus antigen and PP-I antisera confirmed the close relationship of the two viruses: the ratio with PP-I hyperimmune C serum was 4 while the ratios with the A and B sera were 45 and 110. Additional convalescent and hyperimmune sera to PP-1 and the porcine rotavirus raised in a further nine animals confirmed the close relationship of the two viruses; the highest ratio obtained was 36 while two sera had ratios of 12 and 18.
Results of neutralization tests with UK antisera and the porcine virus gave homologous : heterologous ratios of 30 to 185, i.e. similar ratios to those between PP-1 and the porcine virus but, as noted above, in the reciprocal cross with porcine rotavirus antisera, UK was the most distantly related virus to the porcine virus.
CP-1 was clearly distinct from the porcine virus, the ratios ranging from 508 to 12600 in all reciprocal crosses.
Effect of the three bovine rotaviruses on piglets
The three cloned bovine viruses gave different responses on serial passage in piglets (Table 3) . Examination of convalescent sera indicated that the viruses CP-1 and UK may have replicated in the first pig passage without producing clinical signs of disease or detectable virus in the faeces. In the second passage, there was no indication of viral replication or of seroconversion. Similar results had been obtained with CP-1, before adaptation to cell culture, on four separate occasions in a total of seven piglets.
In contrast, PP-1 gave a similar response to the porcine rotavirus. On the first and second pig passages, both viruses caused clinical disease after an incubation period of about a day and a high titre of rotavirus was excreted for 3 to > 6 days; all piglets seroconverted. This effect was similar to that of PP-1 before cell-culture adaptation and cloning: on the first pig passage of uncultured bovine faeces in four piglets on two separate occasions, diarrhoea occurred within 2 or 3 days of inoculation for up to 7 days with concurrent faecal rotavirus excretion and seroconversion. From the first to the seventh serial passage of uncultured PP-1 in piglets, diarrhoea occurred in all 19 piglets, anorexia was observed in six, whilst two out of nine died.
DISCUSSION
These studies have demonstrated serological similarities and differences between three bovine rotaviruses and one porcine rotavirus. One-way cross-neutralization was observed between two of the bovine rotaviruses and between one of the bovine and the porcine rotavirus. The bovine viruses also differed in their pathogenicity for pigs, the bovine virus with the closest antigenic relationship to the porcine virus was pathogenic but two other more distantly related bovine viruses failed to cause disease and could not be passaged in pigs.
Comparison of the two bovine viruses, UK and PP-1, supports the division of bovine rotaviruses into distinct serotypes (Murakami et al., 1983; Woode et al., 1983) as has been demonstrated for avian, human and equine rotaviruses (Thouless et al., 1978; Beards et al., 1980; McNulty et al., 1980; Greenberg et al., 1981 ; Urasawa et al., 1982; Hoshino et al., 1983c; Wyatt et al., 1983) . Recent results from the authors' laboratory also suggest that a third bovine serotype exists in British cattle . The results with CP-1, which was identical to PP-1 in reciprocal crosses but also had a one-way relationship with the UK virus, suggest, however, that the antigenic composition of bovine rotaviruses may be complex and raises the possibility that a continuous spectrum of antigenic variation exists. Although Wyatt et al. (1982) reported that, based on cross-neutralization tests with 20-fold differences of serum titres, human rotaviruses belong to distinct serotypes, viruses intermediate between serotypes have been recorded also within avian and bovine rotaviruses by McNulty et al. (1980) and Murakami et al. (1983) . Antigenic analysis of a greater number of cloned isolates is needed to determine whether intermediate strains are common in bovine rotaviruses.
One-way cross-neutralization tests with 20 units of convalescent or hyperimmune UK sera and approximately 100 fluorescing foci of the Lincoln (NCDV) or Northern Ireland (McNulty et al., 1976) isolates of bovine rotavirus indicate that the UK, Lincoln and Northern Ireland strains belong to the same serotype (J. C. Bridger & P. S. Arnold, unpublished observations) . It may be relevant that these three bovine rotaviruses were isolated in cell cultures without the addition of trypsin; trypsin-independent avian rotaviruses were also found to be of the same serotype as each other (McNulty et al., 1980) . Whether the degree of antigenic diversity between the bovine viruses demonstrated here (i.e. homologous:heterologous serum titre ratios of >12300) is associated with lack of cross-protection remains to be studied; experiments with uncloned viruses show that not all bovine rotaviruses cross-protect, suggesting that this may be so (J. C. Bridger, personal observations; Woode et al., 1983) .
It has been reported that hyperimmune sera differentiated rotaviruses better than convalescent sera (Gaul et al., 1982; Wyatt et al., 1982) but no clear pattern emerged in the present study. For example, the hyperimmune serum to the UK virus had a higher homologous :heterologous neutralization ratio with CP-1 virus than did the convalescent sera but the hyperimmune serum to PP-1 had lower ratios than the convalescent sera to both the UK and porcine viruses.
The three bovine rotaviruses described in the present paper were obtained from a single outbreak of diarrhoea; disease outbreaks associated with antigenically different rotaviruses have also been reported by Murakami et al. (1983) . It should be noted that the properties attributed to the faecal bovine rotaviruses referred to by Woode et al. (1974) , Woode (1975) and Hall et al. (1976) were due to a mixture of antigenically and pathogenically different viruses, some of which are described in this paper. It is possible that, as rotaviruses have segmented genomes, genetic reassortment, either before or after passage in experimental animals, had occurred between the viruses. However, the presence of antibody to them, or similar viruses, in cattle sera indicates that they occur naturally.
The cross-reactions between PP-1 and the porcine virus suggests that rotaviruses from cattle and pigs may not be antigenically distinct as suggested by Thouless et al. (1977) and Sato et al. (1982) . Some other rotaviruses from different animal species cross-react antigenically in typespecific tests either in a one-or two-way fashion, e.g. simian with bovine rotaviruses (Bastardo et al., 1981) ; canine rotaviruses with simian, feline, bovine, human and porcine rotaviruses (Gaul et al., 1982; Hoshino et al., 1982 Hoshino et al., , 1983b ; and equine rotaviruses with porcine, canine, bovine, simian and human rotaviruses (Hoshino et al., 1983 a, c) . Hence, the division of rotaviruses into serotypes characteristic of one animal species may require revision.
In the present study, only the bovine virus with the closest antigenic relationship to the porcine virus multiplied and caused disease in pigs. Whether the absence of pathogenicity of the UK virus in pigs was attributable to the higher number of passages in cell culture has not been tested but virus at the same passage level was still pathogenic to calves. Although UK and CP-1 induced a serological response on first passage in pigs, whether this was due to undetectable virus multiplication or a response to a non-multiplying antigen could not be assessed from the available data. Bovine rotaviruses pathogenic for pigs may occur frequently in cattle; a proportion of the bovine faecal rotaviruses used by Tzipori et al. 0980) and Gaul et al. (1982) were pathogenic for pigs but whether these viruses are antigenically related to porcine rotaviruses remains to be tested. Neither is it known if the simian, canine and equine viruses, antigenically related to rotaviruses from other animal species, multiply in or are pathogenic for those species. Gene reassortment between rotaviruses has been produced in vitro Matsuno et al., 1980 ) and the bovine virus, PP-1, which also multiplies in calves (J. C. Bridger, personal observation), may represent a natural hybrid between bovine and porcine rotaviruses.
The existence of high antibody levels to PP-1, or an antigenically similar virus, in cattle and pigs (J. C. Bridger & J. F. Brown, personal observations) plus the recent identification of an antigenically similar virus in pigs (J. C. Bridger & P. S. Arnold, personal observation) is further evidence that these two species share some rotaviruses. Whether PP-1 and the porcine rotavirus are sufficiently related to cross-protect has not been studied but bovine colostrum which provided passive protection against disease caused by the porcine rotavirus (Bridger & Brown, 1981) contained high levels of neutralizing activity to PP-1 (J. F. Brown & J. C. Bridger, personal observations).
Although the bovine virus PP-1 was pathogenic for pigs and exhibited the closest antigenic relationship to the porcine virus, strain CP-1, which was indistinguishable from PP-1 on crossneutralization, was not pathogenic for pigs. Thus, a close antigenic relationship does not imply similarities in virulence and the identification of virulence markers needs to be investigated further, perhaps by the use of monoclonal antibodies.
